adolescents, with diabetes risk in 592 overweight, non-SCD African Americans ≥45 years of age, and with elevated plasma lipid concentrations in general populations. In addition, lower expression level of APOB in PBMCs was associated with higher values for percent hemoglobin A1C and serum total cholesterol and triglyceride concentrations in patients with Chuvash polycythemia, a congenital disease with elevated hypoxic responses and increased erythropoiesis at normoxia. Our study reveals a novel, environment-specific genetic polymorphism that may affect key metabolic pathways contributing to diabetes in SCD.
Introduction
Type 2 diabetes mellitus (T2D) occurs when impaired insulin effectiveness is accompanied by decreased insulin production by β cells. With 366 million people diagnosed in 2011 and a trend of increasing prevalence worldwide Abstract Environmental variations have strong influences in the etiology of type 2 diabetes mellitus. In this study, we investigated the genetic basis of diabetes in patients with sickle cell disease (SCD), a Mendelian disorder accompanied by distinct physiological conditions of hypoxia and hyperactive erythropoiesis. Compared to the general African American population, the prevalence of diabetes as assessed in two SCD cohorts of 856 adults was low, but it markedly increased with older age and overweight. Meta-analyses of over 5 million single-nucleotide polymorphisms (SNPs) in the two SCD cohorts identified a SNP, rs59014890, the C allele of which associated with diabetes risk at P = 3.2 × 10 −8 and, surprisingly, associated with decreased APOB expression in peripheral blood mononuclear cells (PBMCs). The risk allele of the APOB polymorphism was associated with overweight in 181 SCD Electronic supplementary material The online version of this article (doi:10.1007/s00439-015-1572-3) contains supplementary material, which is available to authorized users. (Lyssenko and Laakso 2013) , diabetes is one of the major threats to human health. Both environmental and genetic factors contribute to the risk of T2D, as demonstrated by the 50-92 % disease concordance among monozygotic twins compared to a 37 % concordance in dizygotic twins (Florez et al. 2003) . Since 2007, more than 60 genetic loci have been associated with T2D in large-scale genome-wide association studies (GWAS) that have supported a polygenic model for T2D with many causal variants each of modest effect . These common genetic loci explain only about 10 % of familial aggregation of the disease suggesting a role for non-genetic factors and geneenvironment interactions (Permutt et al. 2005) .
Sickle cell disease (SCD) is due to homozygosity for a Glu6Val mutation in HBB (sickle cell anemia; hemoglobin SS) or to compound heterozygous forms like hemoglobin SC and hemoglobin S-β thalassemia (Pauling et al. 1949) . The hemoglobin S mutation allows deoxy-hemoglobin to polymerize, distorting sickle erythrocytes and causing hemolytic anemia and obstruction of the microvasculature that lead to acute and chronic organ damage (Rees et al. 2010) . The consequent chronic hypoxia, enhanced erythropoiesis, inflammation and oxidative stress (Akohoue et al. 2007 ) impose distinct physiological environments that may alter metabolism in SCD. For example, metabolic measurements using indirect calorimetry and doubly labeled water technique indicated elevated resting energy expenditure but decreased activity-related energy expenditure in SCD children compared to matched healthy subjects (Barden et al. 2000) . High baseline metabolism and low body mass index (BMI) (Barden et al. 2002) may provide protection from T2D in SCD (Morrison et al. 1979) . In contrast, endogenous or exogenous iron overload due to hemolysis and blood transfusions can result in β cell damage and decreased insulin production promoting diabetes . Past studies suggested a low prevalence of diabetes in patients with SCD (Morrison et al. 1979) . Improvements in treatment and care have increased the life span of patients (Elmariah et al. 2014; Platt et al. 1994) . This, along with the wide availability of high calorie diets and increasing adiposity in SCD, lead us to investigate the genetic basis of diabetes in SCD.
Results

Prevalence of diabetes in SCD
The number of diabetes cases was small in our study: 16 in the University of Illinois at Chicago (UIC) cohort (Saraf et al. 2014 ) and 14 in the Walk-PHaSST cohort (Machado et al. 2011 ) (Supplemental Table 1 ). We first compared the 856 adult patients from these two cohorts with 2579 non-Hispanic black individuals from the 2009-2012 National Health and Nutrition Examination Survey (Fig. 1) . As expected, percent overweight (BMI ≥25 kg/m 2 ) and percent diabetes, defined as diagnosis of diabetes in the medical record and treatment with a glucose-lowering agent, were lower in SCD compared to control individuals. Percent overweight increased with age in SCD patients (34 % in patients 18-44 years of age vs 54 % in those 45-85 years of age) as in control individuals (69 vs 78 %). In the younger age group, one (0.25 %) diabetes case was found in non-overweight SCD patients and three (1.5 %) were found in overweight SCD patients, representing a sixfold increase with overweight albeit not statistically significant due to small case numbers. In the younger control individuals, percent diabetes increased with overweight by threefold (1.4 vs 4.5 %). In the older age group, two (1.7 %) diabetes cases were found in non-overweight SCD patients and twenty-four (17 %) were found in overweight SCD patients, representing a tenfold increase with overweight. In the older control individuals, percent diabetes did not quite double with overweight (16 vs 29 %). These observations suggest that the protection from diabetes, although strong in younger and normal weight SCD patients, breaks down quickly with older age and overweight.
Compared to hemoglobin SS and Sβ 0 -thalassemia, hemoglobin SC and Sβ + -thalassemia are milder forms of SCD. Percent overweight in mild SCD was higher than that in severe SCD: 57 vs 28 % (P = 1.3 × 10 −8 ) in younger patients and 80 vs 43 % (P = 2.0 × 10 −8 ) in older patients. Among younger patients, two (1.7 %) diabetes cases were found in mild SCD, compared to two (0.42 %) found in severe SCD (P = 0.17). Among older patients, twenty (25 %) diabetes cases were found in mild SCD, compared to six (3.3 %) in severe SCD (P = 2.7 × 10
−7
). Therefore, compared to severe SCD, mild SCD showed reduced protection from diabetes.
Genome-wide association with diabetes in SCD
To uncover genetic regulation of diabetes under the distinct cellular environments characterized by SCD, we carried out a genome-wide meta-analysis in UIC and Walk-PHaSST cohorts (Supplemental Table 2 ). Considering our limited sample size, we aimed to identify common risk genetic variants with large effect. We imputed the genotypes of these cohorts to 1000 genomes data using African and European reference panels, since patients included in the meta-analysis were all African Americans with admixed European ancestry. We scanned over five million SNPs with imputation quality r 2 (imputation dosage r 2 ) >0.5 and with minor allele frequency (MAF) >0.1 within each cohort, for association with diabetes. As demonstrated above, age and BMI were two strong environmental factors that determined the risk of diabetes in SCD. In addition, primary model selection procedures carried out in the two cohorts indicated HBB genotype (contrasting mild vs severe SCD) and hydroxyurea treatment as predictors of disease outcome. We therefore included age, gender, HBB genotype, hydroxyurea treatment and BMI as covariates in the logistic models for association.
One SNP, rs59014890, was associated with diabetes risk with genome-wide significance (P = 3.2 × 10 −8
, Fig. 2a ) in the combined analysis. The C allele of the SNP increased diabetes risk in both cohorts (OR = 17, P = 0.00047 in UIC and OR = 18, P = 0.000016 in Walk-PHaSST, Table 1 ). For the TT, TC and CC genotypes, the percent diabetes was 5.1, 9.5 and 13 % in the UIC cohort and 0, 3.1 and 15 % in the Walk-PHaSST cohort, respectively (Supplemental Table 3 ). As shown in Supplemental Table 4 , adjustment of covariates, especially age and BMI, improved the associations (without adjustment, OR = 1.8, P = 0.22 in UIC and OR = 9, P = 0.000061 in Walk-PHaSST). The risk allele of rs59014890 consistently increased diabetes risk among mild SCD (OR = 2.9 in UIC, OR = 12 in Walk-PHaSST, combined P = 0.0024) and severe SCD (OR = 7.2 in UIC, OR = 7.8 in Walk-PHaSST, combined P = 0.0056) patients (Supplemental Table 5 ).
To examine the potential function of rs59014890, we tested its association with expression levels of seven genes, located within ±1 Mb region of the SNP, in peripheral blood mononuclear cells (PBMCs) derived from two independent samples: 134 individuals from the UIC cohort, and 35 adult SCD patients from a Howard University cohort (Zhang et al. 2014b) . Within each dataset, gene expression levels were regressed on the SNP dosages, adjusting for age, gender, HBB genotype, hydroxyurea treatment, and variation in ancestral admixture. The C allele of rs59014890 decreased expression level of APOB in both the UIC (β = −0.021, P = 0.028) and Howard (β = −0.030, P = 0.15) cohorts (Fig. 2b) , with a combined P value of 0.0082 (Table 1 ). None of the other genes showed significant expression association with rs59014890 (Supplemental Table 6 ).
Validation of the candidate association
As few diabetes cases have been recorded in other SCD cohorts, we were unable to validate the association between the candidate SNP and diabetes in SCD. We reasoned that a risk genetic variation causing a progressive disease such as ). c Percent diabetes increased with overweight in younger SCD subjects (0.25 % in non-overweight vs 1.5 % in overweight, P = 0.11) and in control individuals (1.4 % in nonoverweight vs 4.5 % in overweight, P = 0.0057). d Percent diabetes increased sharply with overweight in older SCD individuals (1.7 % in non-overweight vs 17 % in overweight, P = 1.5 × 10 −5 ), whereas it barely doubled in control individuals (16 % in non-overweight vs 29 % in overweight, P = 4.4 × 10 −6 ) diabetes may exhibit certain effects on metabolism in early life. Among SCD patients, overweight individuals showed greater risk of diabetes at young age compared to nonoverweight individuals, and their disease risk increased markedly when they turned 45 years and older (Fig. 1c,  d ). Therefore, overweight was a relevant phenotype to diabetes in young SCD patients. We tested the association of rs59014890 and its tagged SNPs (r 2 > 0.5) with overweight in 181 patients aged 12-20 years from an independent SCD cohort (PUSH) (Bae et al. 2012) . The risk allele of rs59014890 was significantly associated with overweight in these patients (OR = 2.0, P = 0.048, Supplemental Table 7) , consistent with its effect on diabetes in adult cohorts. The association was stronger in mild SCD (13 cases out of 39, OR = 7.5, P = 0.0065) relative to severe SCD (20 cases out of 142, OR = 1.06, P = 0.9).
We further assessed the effect of rs59014890 in a casecontrol study of diabetes in African Americans without SCD (Palmer et al. 2012) . The association between rs59014890 and diabetes was not significant (OR = 1.05, P = 0.6) among all 1605 analyzed individuals, but it was significant among individuals with age ≥45 years and BMI >25 kg/ m 2 (OR = 1.39, P = 0.037, n = 592), exhibiting a gene by environment (defined by age and BMI stratification) interaction effect (P = 0.031, n = 1605) (Supplemental Table 8 ). The age and BMI dependency of the APOB genetic effect observed in the normal population were consistent with the age and BMI dependency of diabetes observed in SCD cohorts, although in the SCD cohorts we were unable to directly test the gene by environment effect for the APOB polymorphism because the diabetes cases were concentrated in older and overweight patients. Cell transcriptional specificity of the candidate genes
The cell type in which a given gene exhibits intense transcriptional regulation, reflected as the density of active transcriptional factor-binding sites, should indicate that the gene functions in the cell type. As shown above, the risk allele of rs59014890 decreased the expression level of APOB in PBMCs. To determine the regulation specificity of the locus, we compared the enrichment of DNase hypersensitivity peaks derived from a variety of cell lines within the linkage disequilibrium (LD) block (r 2 > 0.1) of rs59014890. We found significant enrichment of DNase hypersensitivity peaks derived from hepatocytes compared to other cell types in the Encyclopedia of DNA Elements (ENCODE) data (Supplemental Table 9 , Fig. 2c ), suggesting that this locus is important for transcription of APOB in hepatocytes, cells that play critical roles in lipid and glucose metabolism.
Low-density lipoprotein-cholesterol and diabetes in SCD
APOB encodes the primary apolipoprotein component of chylomicrons and low-density lipoproteins (LDLs). To investigate the potential effect of rs59014890, we examined association results from meta-analysis of plasma lipid traits for individuals of European descent (Teslovich et al. 2010 ). As SNP rs59014890 was not covered by that study, we identified its tagged SNPs. These SNPs were associated with plasma concentration of LDL-cholesterol (P < 1 × 10 −13 ), total cholesterol (P < 1 × 10 −10 ), and triglycerides (P < 0.03) (Supplemental Table 10 ). The direction of these associations indicated that the alleles associated with elevated plasma LDL-cholesterol levels in normal individuals are those with greater risk of diabetes in SCD. The lead SNPs in the reported study, however, were rs1367117 for LDL-cholesterol (P = 4 × 10 −114
) and rs1042034 for triglyceride (P = 1 × 10 −45 ). SNP rs59014890 was not in LD with either rs1367117 (r 2 = 0.002 in European samples and r 2 = 0.002 in African samples) or rs1042034 (r 2 = 0.003 in European samples and r 2 = 0.0004 in African samples) based on the 1000 genomes data, suggesting rs59014890 as an independent variant of the lead SNPs.
Non-fasting lipid measurements were available for 45 individuals in the UIC cohort. Among these patients, older age, higher BMI, and diabetes in general associated with higher levels of LDL-cholesterol, total cholesterol, and triglyceride. Severe SCD genotype associated with lower levels of LDL-cholesterol and total cholesterol, but higher levels of triglyceride (Supplemental Table 11 ). For 36 patients with lipid measurements and genotype data available, the association of rs59014890 with diabetes was only slightly affected by adjusting lipid levels (Supplemental Table 12 ).
We also evaluated candidate SNPs derived from previous GWAS on T2D ) and lipid traits (Teslovich et al. 2010 ) for association with diabetes in SCD. Certain excess of significance was observed for T2D SNPs (Supplemental Table 13 ), the top one being SNP rs11651755 in HNF1B gene (Bonferroni adjusted P = 0.064). Few significant associations were found for lipid SNPs (Supplemental Table 13 ).
Correlation of APOB PBMC gene expression with hemoglobin A1C, serum total cholesterol and triglyceride in Chuvash polycythemia
Chuvash polycythemia is caused by VHL R200W homozygosity that leads to chronically up-regulated hypoxic responses and increased erythropoiesis at normoxia, similar to the physiological conditions of hemolysis-induced anemia in SCD except for the absence of anemia. Also similar to SCD, Chuvash polycythemia subjects with normal BMI have improved glucose tolerance . Our a priori hypothesis was that comparing genetic and transcriptional responses in SCD and Chuvash polycythemia would help identify novel pathways of disease risk. Measurements of hemoglobin A1C and serum concentrations of total cholesterol and triglyceride were available in our Chuvash polycythemia cohort ). We tested the correlation of these variables with expression levels of APOB in PBMCs derived from the Chuvash polycythemia cohort. Chuvash polycythemia is often treated by phlebotomy resulting in great variation in serum ferritin concentration, which was shown to affect insulin sensitivity (Gabrielsen et al. 2012) . Therefore, we regressed out the effects of age, gender and ferritin concentration from both gene expression and the metabolic measurements. Correlations between the residual expression and metabolic measurements were then tested. As shown in Fig. 3 , lower expression levels of APOB correlated with elevated levels of hemoglobin A1C (P = 0.031, n = 17), serum total cholesterol (P = 0.093, n = 30) and triglyceride (P = 0.0023, n = 30). Therefore, decreased PBMC expression of APOB was associated with a metabolic profile in Chuvash polycythemia that is consistent with the genetic effects of APOB on diabetes risk in SCD.
Discussion
Our study indicates that the prevalence of diabetes mellitus is low in SCD patients compared to the general population, but that the prevalence increases sharply with older age and elevated BMI. We found that the C allele of rs59014890, which decreased APOB expression in PBMCs, was associated with increased diabetes risk in SCD patients. The 1 3 APOB polymorphism also associates with the risk of overweight in adolescent SCD patients, with diabetes risk in older, overweight African Americans without SCD, and with increases in serum lipids in general populations. In Chuvash polycythemia patients who experience chronically up-regulated hypoxic responses, increased erythropoiesis and improved glucose tolerance similar to SCD patients, lower APOB expression levels in PBMCs correlated with higher levels of hemoglobin A1C, serum total cholesterol and triglyceride. Limitations to our study are that the relatively small sample size only allowed detection of large genetic effects and that we were not able to find a SCD cohort with diabetes diagnosis to replicate our finding.
As SCD exhibited strong protection from diabetes, one explanation of the association of rs59014890 with diabetes is that its risk allele ameliorates SCD thus reducing the protection from diabetes. Using the degree of hemolysis as an indicator of SCD severity (Materials and Methods), however, we found no association between rs59014890 and SCD severity in the UIC and Walk-PHaSST cohorts (β = −0.025, combined P = 0.7), suggesting that an ameliorating effect on SCD could not fully explain the SNP's strong effect on diabetes risk.
Endogenous lipids derived from hepatocytes are assembled in association with apoB to form very low-density lipoprotein (VLDL), which converts to LDL in the bloodstream. A recent cross-sectional study of patients with specific APOB mutations leading to familial hypercholesterolemia suggests a causal relationship between lipid metabolism and diabetes. These mutations inhibit lipid transmembrane transport and are protective from T2D, presumably through prevention of buildup of cholesterol in β cells of the pancreas and prevention of related cytotoxic effects (Besseling et al. 2015) . From this perspective, the rs59014890 locus may be primarily a lipid locus that is mildly associated with diabetes in older, overweight non-SCD African Americans due to dyslipidemia. The strong association of rs59014890 with diabetes is likely specific to SCD, as iron overload, oxidative stress, inflammation and hypoxia may exacerbate the toxicity of any increased β cell cholesterol related to increased plasma lipid levels. Furthermore, diabetes outcome in SCD may depend on the balance between SCD-triggered genetic effects and an overall protective effect of SCD from diabetes.
APOB mRNA levels are tightly regulated across various metabolic conditions in cell cultures (Wang et al. 2003) . In addition, it has been shown in a rat hepatoma cell line that apoB-48, one of two apoB protein isoforms, is preferentially translated over apoB-100 when endogenous apoB mRNA is increased (Collins et al. 2000) , indicating a distinct influence of APOB transcription level on relative abundance of apoB protein isoforms. The risk allele of rs59014890 decreased APOB expression in PBMCs in SCD, while lower APOB expression in PBMCs correlated with elevated hemoglobin A1C and serum lipids in Chuvash polycythemia. If our observations in PBMCs apply to hepatocytes, the major cell type in which the polymorphism executes regulatory function, the risk allele of rs59014890 might decrease APOB transcription level in hepatocytes leading to increased abundance of apoB-100 relative to apoB-48. Alternatively, it is possible that the risk allele of rs59014890 might have a different effect on APOB gene expression in hepatocytes as opposed to PBMCs, because effects of cis-acting variations are highly dependent on specific cell types (Brown et al. 2013) . Further studies are needed to investigate the molecular mechanism underlying the observed associations.
In contrast to previous GWAS in normal populations that uncovered many common loci with small effects for T2D, our meta-analysis in SCD identified a large effect locus. Independent cohorts are needed to validate this association with more robust estimation of its effect size and to uncover the causal variant through deep sequencing of the target region. Deleterious genetic variants can affect the fitness of carriers (Gibson 2011) . In SCD patients, however, large effect loci contributing to risk of diabetes may exist owing to the natural history of the disease. In tropical areas with relative paucity of food and short life expectancy, low BMI and hyperactive metabolism associated with hypoxia and heightened erythropoiesis in young individuals may suppress the expression of genetic risk factors. In contrast, affluent modern societies could permit genetic risk effects to be revealed and exacerbated with age due to obesity, chronic inflammation and blood transfusion-related iron overload. SCD might provide a unique model to uncover genetic variants influencing key metabolic pathways and their environmental specificity.
Materials and methods
SCD cohorts
The 
Comparative NHANES data and prevalence of overweight and diabetes
Prevalence of overweight and diabetes were assessed in 856 individuals between 18 and 85 years old, pooled from the UIC and the Walk-PHaSST cohorts. National Health and Nutrition Examination Survey 2009 data were combined, resulting in 2579 general population African Americans between 18 and 85 years old and with unambiguous T2D diagnosis. Fisher's exact tests were applied for comparisons.
Genotype data processing and imputation
Genomic DNA isolated from peripheral blood mononuclear cells was labeled and hybridized to the Affymetrix Axiom genome-wide Pan-African array (UIC cohort), the Illumina Human 610-Quad SNP array (Walk-PHaSST cohort and PUSH cohort), and the Affymetrix GenomeWide Human SNP Array 6.0 (Howard cohort). All samples had genotype call rate >95 %. SNPs deviating from HardyWeinberg equilibrium (P < 0.0001) or with a minor allele frequency (MAF) <0.01 were removed. Population outliers were identified based on principal component analysis of the genotype data (Yang et al. 2011) . Proportion of identity by descent was calculated pairwise using PLINK (Purcell et al. 2007 ) to identify related individuals and potentially contaminated DNA samples. We imputed SNPs genotyped in UIC, Walk-PHaSST, PUSH adolescent, and Howard cohorts to 1000 genomes project phase 1 data, with European and African reference panels, using Beagle (Browning and Browning 2007) version 4. SNPs with imputation quality r 2 ≤ 0.5 or MAF ≤0.1 within each cohort were excluded from association analysis.
Meta-analysis
Patients <18 years old were excluded from meta-analysis of the UIC and Walk-PHaSST cohorts. A logistic linear regression model was applied adjusting for age, gender, HBB genotype, hydroxyurea treatment, and BMI. The proportion of European ancestry using the first principal component of genotype data was also adjusted, since it was the primary source of population structure. Firth's bias reduction method (Firth 1993) was used for parameter estimation to account for the small number of diabetic individuals. P values were estimated using χ 2 test with 1 degree of freedom. The combined P values were estimated using a Z-score approach . Tagged SNPs of the candidate SNP were defined based on LD estimated by pairwise r 2 in the Walk-PHaSST cohort.
Genetic association with SCD severity
Principal components analysis was carried out on serum concentrations of lactate dehydrogenase, total bilirubin, and aspartate aminotransferase for 183 UIC and 428 WalkPHaSST patients. Degree of hemolysis was defined as the first principal component. Hemolysis was regressed on SNP dosage of rs59014890, adjusting for age, gender, HBB genotype, and hydroxyurea treatment. Inverse variance meta-analysis was carried out to combine the association results.
Genetic association with overweight in PUSH SCD adolescent cohort rs59014890 and its tagged SNPs (r 2 > 0.5) were tested for association with overweight in the PUSH adolescent cohort. We used the 2000 Centers for Disease Control and Prevention Growth Charts for the United States as reference to identify overweight thresholds (85 % BMI quantiles) according to age and gender. Logistic regression was applied adjusting for age, gender, HBB genotype, hydroxyurea treatment, and European ancestry based on principal components analysis of the genotype data.
Genetic association with diabetes in a case-control study of African Americans without SCD
The individual-level genotype data and phenotype data were obtained from dbGaP with study accession phs000140.v1.p1. SNP information was obtained from Affymetrix Genome-Wide Human SNP Array 6.0 annotation release 34. Quality control and preprocessing of genotype data were as described above. SNPs 1 Mb away from rs59014890 were imputed to 1000 genomes phase 1 data using European and African reference panels. Individuals <18 years old and phenotype outliers, defined as those with BMI four standard deviations away from mean, were excluded from analysis. To test for SNP main effect, a logistic linear regression model was applied adjusting for age, gender, BMI, and population stratification (top three principal components of genotype data). To test for SNP by environment (age ≥45 years old and BMI >25 kg/m 2 ) interaction, the logistic linear regression model included effects of SNP dosage, environment, SNP by environment interaction, gender, and population stratification. P values were estimated using χ 2 test with 1 degree of freedom.
Gene expression datasets
Message RNA was purified from PBMCs, labeled and hybridized to Affymetrix Exon 1.0 ST Array for 35 patients of Howard cohort (Zhang et al. 2014a) , and to Affymetrix Gene 2.0 ST Array for 134 SCD patients selected from UIC cohort. Probe sequences were aligned to human genome assembly GRCh37 to select for probes with unique perfect alignment. Probes that interrogate multiple gene transcripts and that contain SNPs with ≥1 % minor allele frequency in dbSNP dataset were removed. Probe intensities were log 2 transformed, background corrected and quantile normalized. Probe intensity was subtracted by the corresponding probe mean across samples. Gene expression level was summarized as mean intensity across probes within gene, using Gencode version 19. Batch effects of RNA labeling and array hybridization were adjusted using an empirical Bayes method (Johnson et al. 2007) .
Correlation between gene expression and rs59014890
Expression levels of seven genes located within ±1 Mb of rs59014890 were extracted from the expression data from the UIC cohort and the Howard cohort. Within each dataset, gene expression levels were regressed on imputed dosage of rs59014890, adjusting for age, gender, HBB genotype, hydroxyurea treatment and ancestral admixture. Inverse variance meta-analysis was carried out to combine the association results.
Correlation between APOB gene expression and metabolic measurements in Chuvash polycythemia
Gene expression data from Chuvash polycythemia were processed as described (Zhang et al. 2014b ) and the metabolic measurements were obtained from a previous study . Serum triglyceride concentrations were squareroot transformed to approximate normal distribution. Correlation between the residual gene expression levels and residual metabolic measurements, after regressing out age, gender and log (serum ferritin concentration) effects, was assessed using Pearson's one-sided correlation test.
